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In the first experiment, two rhesus monkeys earned their entire ration of food and water
during daily sessions with no provisions to ensure constant daily intakes. Two variable-
interval schedules of food presentations were concurrent with one variable-interval sched-
ule of water presentations; the maximum rate of food presentations arranged by one
food schedule was varied. As the rate of food presentations was increased, the absolute
level of responding on the two food schedules combined decreased, while responding on the
water schedule increased. The preference for the variable food schedule compared to the
other food schedule approximately matched the proportion of reinforcers obtained from it.
The preference for the variable food schedule compared to the water schedule did not
match, but greatly decreased, as the proportion of reinforcers from the food schedule in-
creased. When Experiment I was replicated, with provisions to ensure constant daily in-
takes of food and water (Experiment II), the absolute response rates under the two food
schedules combined and under the water schedule no longer changed with increases in the
rate of food during the sessions. On the other hand, choice between the two food schedules
remained proportional to the distribution of obtained food pellets. These results were
interpreted as indicating that behavior to obtain nonsubstitutable commodities, such as
food and water, is strongly controlled by the economic conditions of daily consumption,
while choice between substitutable commodities is independent of these factors.
Key words: variable-interval schedules, concurrent schedules, qualitatively different

reinforcers, deprivation schedule, undermatching, lever pressing, rhesus monkeys

A number of studies has shown that the
absolute rate of an operant is directly pro-
portional to the rate of presentation of a re-
inforcer for that operant-(Catania and Reyn-
olds, 1968; Chung, 1966; Herrnstein, 1961).
For example, the rate of pecking by pigeons
on a variable-interval (VI) schedule is a mono-
tonically increasing, negatively accelerated
function of the reinforcers per hour obtained
from the VI schedule (Catania and Reynolds,
1968). Furthermore, this relationship is rela-
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tivistic; given two responses and two schedules
of reinforcement, one a constant VI schedule
with a constant rate of reinforcer presentation
and the other variable, the rate of responding
on the constant schedule will decrease as the
rate of responding and rate of reinforcer pre-
sentation by the variable schedule is increased
(Catania, 1963; Guilkey, Shull, and Brown-
stein, 1975; Pliskoff and Brown, 1976). These
same functional relations seem to hold for
other qualities of reinforcement, such as
amount (Catania, 1963; Neuringer, 1967; Jen-
kins and Clayton, 1949) and delay (Chung
and Herrnstein, 1967). The generality of the
observation of a direct relation between rate
of responding and various measures of the
relative magnitude of reinforcement has led
to the current hypothesis that the rate of an
operant is a direct function of the relative
value of reinforcement, where value repre-
sents the joint effect of all relevant dimensions
of reinforcement (Baum, 1973, 1974; Rachlin,
1973; Herrnstein, 1970, 1974).
Whether we take this direct functional rela-

tion between behavioral vigor and reinforce-
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ment magnitude to be an assumption (e.g.,
Rachlin, 1971) largely depends on the gener-
ality of the empirical relations across different
experimental settings. To date, the bulk of the
evidence has been obtained during short ses-
sions with highly deprived subjects working
for a portion of a relatively constant daily
ration (Moran, 1975). A handful of studies
conducted without explicit deprivation proce-
dures have not supported the assumption of
a direct relation between behavioral output
and the magnitude of reinforcement. Collier,
Hirsch, and Kanarek (1977) reported that with
both rats and guinea pigs working for food
on a continuously available fixed ratio (FR)
200, doubling the size of the food pellet halved
response rate and halving the size of the food
pellet doubled response rate. A similar in-
verse relation between response rate and rein-
forcer magnitude has been reported for rats
earning food or infusions of cocaine (Pickens
and Thompson, 1968), monkeys earning food
(Pickens, Bloom, and Thompson, 1969), and
rats earning access to heat (Weiss and Laties,
1960). Likewise, several studies have shown
an inverse relation between response rate and
the ease of obtaining reinforcers. When the
daily ration of food (Collier, Hirsch, and Ham-
lin, 1972; Findley, 1959) or drug self-adminis-
trations (Pickens and Harris, 1968; Pickens
and Thompson, 1968; Wilson, Hitomi, and
Schuster, 1971; Johanson and Schuster, 1975)
was obtained according to an FR schedule,
rate of responding increased as the fixed ratio
for each reinforcer (and hence the time be-
tween them) was increased.
There are many differences between these

studies, on the one hand, and the studies with
pigeons and rats showing the direct relation
between responding and amount of reinforce-
ment on the other hand: FR schedules versus
VI schedules, continuous access versus short
sessions, and no explicit deprivation versus
constant deprivation. One important finding
in the studies without restrictions on con-
sumption was that the subjects tended to ad-
just their response rate so as to defend a
roughly constant daily intake of the commod-
ity. This fact led to the presumption of the
present studies that a critical factor control-
ling the relation between the rate of presenta-
tion of a commodity and response rate is the
presence or absence of experimenter-con-
trolled intake and between-session feedings.

To test this assumption, the general design of
a study by Catania (1963) showing the usual
direct relation between response rate and rela-
tive reinforcement rate was replicated, first
without between-sessions feedings or con-
trolled food consumption, and then with con-
stant food consumption. Two VI schedules
controlled food presentations, one a constant
value, the other varied over a wide range. If
the deprivation procedure is a crucial variable,
then the first experiment should show reduced
food responding with increased food avail-
ability, and the second should show increased
food responding with increased relative rate
of food presentations. Unlike Catania's study,
the subjects here were rhesus monkeys.
To test further the notion that relative rate

of presentation of a commodity directly con-
trols absolute response rate, a third alterna-
tive, also a constant VI schedule, provided
water. If relative presentation rate controls
response rate independently of the nature of
the commodity, then responding on this con-
stant VI schedule for water should parallel
changes in responding on the other constant
VI schedule providing food. On the other
hand, if food presentation rate interacts in-
versely with the value of water, as has been
seen many times with FR schedules (see
Bolles, 1961; Collier and Knarr, 1966; Kut-
scher, 1969), then water responding may be
enhanced by increases in food availability.
Furthermore, the degree of interaction may be
moderated by the degree of change in food
consumption, such that with constant food in-
take, increases in food presentation rate will
not enhance water responding.

GENERAL METHOD
Subjects
Two rhesus monkeys (Macaca mulatta)

served in both experiments. SM2 -was 4.3 kg
and SM3 was 4.0 kg at the start of the experi-
ment. The subjects received one-quarter of an
orange each morning and a multivitamin tab-
let twice a week. After the start of the first
experiment, their entire daily food and water
rations (except the morning fruit) were ar-
ranged according to the experimental proce-
dures.
Apparatus
During the experiments, the subjects were

housed in a chamber measuring 32 cm wide
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by 50 cm long by 60 cm high, which was en-
closed in a sound-attenuating ventilated
booth. The wall of the chamber opposite the
door faced a work panel (Figure 1). The panel
contained a matrix of eight levers that ex-
tended 3.5 cm into the chamber. Two columns
of three levers were spaced 11 cm to the left
and right of center, 40.5 cm above the floor
and 11 cm apart vertically. Two additional
levers were centered between these two col-
umns in line with the top and bottom pairs,
respectively. A 3-cm circular frosted Plexiglas
window 7 cm above each lever could be trans-
illuminated by an inline projector (Industrial
Electronics). Directly below the food lever, 33
cm above the floor, was a 6-cm circular open-
ing to a food cup that could be illuminated by
two 28-V dc lights. Positioned 14 cm above
and 4.5 cm to the left of the water lever was a
stainless-steel water tube and, 2.5 cm to its left,
a clear domed 2-cm circular button that could
be illuminated by a 28-V dc bulb. Located 17.5
cm above and 8.5 cm to the right of the water
lever was a 8.5-cm circular speaker grid. Above
and slightly behind the panel was a 15-W fluo-
rescent lamp that illuminated the chamber
each day from 0500 to 1700 hr. Atop the
booth, and connected to the panel via tubing,
was a pellet feeder (Powell Labs) and a 28-V
dc water solenoid valve. The experimental
booths were connected to solid-state program-
ming and recording equipment. Each week
day, from approximately 0800 to 1300 hr, the
booths were opened to allow for cleaning and
inspection of the animals.

Reinforcers
Food reinforcers were 750-mg banana-fla-

vored pellets formulated to provide a balanced
diet (Noyes banana pellets formula #L). Wa-
ter reinforcers were 2-ml squirts of tap water
provided by a brief operation of a solenoid
valve connected to the city water supply
through pressure-reducing valves.

Procedure
The intelligence panel contained eight lev-

ers with associated inline projectors above
them (see Figure 1). Three of these levers ar-
ranged vertically along the right side of the
panel were designed for discrete responses as-
sociated with three independent VI schedules.
Three other levers arranged along the left side
of the panel, when held depressed, activated

Water
schedule

Food 2
schedule

Food I
schedule

t Lights

-Levers

- Lights

+Levers

t Lights

-Levers

Fig. 1. The intelligence panel showing the three rows
of levers and lights associated with the three schedules
of reinforcement, the food lever and hopper, the water
lever and tube, and the speaker grid.

the discrete-response levers directly across from
them. The remaining two levers, one in the
center of the top portion of the panel and the
other in the center of the bottom portion,
were activated after responses on the three dis-
crete-response levers. Pressing the top lever
provided one squirt of water and pressing the
bottom lever provided a food pellet.
The VI schedule associated with the top

discrete-response lever arranged water squirts;
the bottom and middle levers produced food
pellets, Food 1 and Food 2 respectively.
Throughout the sessions (except during rein-
forcement periods), a different geometric sym-
bol was projected above each of the left-hand
holding levers: a triangle, cross, or circle for
water, Food 1, or Food 2, respectively. Pressing
one and only one holding lever activated the
opposing right-hand discrete-response lever
and illuminated a matching symbol above it.
Discrete responses on these levers provided ac-
cess to food or water according to the associ-
ated VI schedule, provided that the holding
lever had been depressed a minimum of 2 sec
(similar to a 2-sec changeover delay, see Herrn-
stein, 1961). Pressing two holding levers simul-
taneously produced a 10-sec timeout during

@6
Water tube Speaker

©n" Water lever
+-

Food lever

Food hopper

477



STEVEN R. HURSH

which all lever lights were off, all levers were
deactivated, and time was not accumulated for
any alternative. The VI schedules continued
to operate and reinforcers arranged during a
timeout were saved.
Once a VI schedule arranged a reinforcer

for one of the alternatives and the appropriate
sequence of holding response and discrete re-
sponse was emitted, a matching symbol was
illuminated above either the top, water lever,
or the bottom, food lever, and all other lights
and levers were deactivated. When illumi-
nated, a single press on the water lever
sounded a clicker, illuminated a light by the
water tube, and 0.5 sec later delivered a 2-ml
squirt of water. When the light above the food
lever was illuminated, a single press sounded a
tone, illuminated the food cup, and operated
the dispenser delivering one food pellet. Im-
mediately after delivery of either commodity,
the food and water levers and lights were deac-
tivated and the holding levers and lights were
reinstated.

Different VI schedules were used to vary the
maximum rates of food and water presenta-
tions. For all VI schedules, a predetermined
sequence of interreinforcement intervals was
arranged by a film programmer, such that the
probability that the next food or water pre-
sentation was scheduled was roughly constant
as time elapsed since the last obtained presen-
tation, except that the longest interval was
three times the schedule mean and the mini-
mum interval was one tenth the schedule
mean. The VI schedules were independent;
when any of the VI schedules timed an inter-
val, that programmer stopped and arranged
for a presentation by that lever, and the other
VI programmers continued to operate.

Sessions were conducted seven days a week
and started at 1400 hr in Experiment I and
at 1330 in Experiment II. The subjects re-
ceived sessions simultaneously. The length of
each session was a parameter of these experi-
ments and is specified in the description of the
individual experiments. The subjects lived in
their chambers 24 hr a day; the sessions were
signalled by the illumination of the holding
levers and the onset of white noise.
Each condition was in effect for a minimum

of 18 sessions and was terminated when the
distribution of responding (right-lever re-
sponses) on the food schedules met a day-to-
day stability criterion applied to the last nine

sessions. Choice proportions for each of the
nine sessions were determined by dividing the
number of responses on Food 1 by the sum of
the responses on Food 1 and Food 2. The nine
sessions were divided into three groups of
three sessions each and the mean of the three
choice proportions in each group was deter-
mined. To satisfy the stability criterion, these
three group means (M1, M2, M3) could not
span a range greater than 5% (0.05) and the
means could not show a consistent increasing
or decreasing trend (-M1 > M2 > M3 or M1 <
M2 < M3).

EXPERIMENT I

Experiment I was designed to examine the
distribution of time and responses among two
food schedules and a water schedule as the
maximum rate of presentations arranged by
one of the food schedules was varied over a
wide range. In this experiment, no food was
provided between sessions and no attempt was
made to maintain constant food and water in-
takes. Intakes were under the joint control of
the VI schedules, the lengths of the sessions,
and the rates of responding. Thus, this ex-
periment maintained an environment in
which the schedules were the sole source of
food and water.

METHOD

In all but the last condition of this experi-
ment, the water VI schedule and the Food 1
VI schedule had means of 60 sec. The Food 2
VI schedule had mean values ranging from 30
sec to 480 sec. In the first condition, the Food
2 levers were not illuminated or activated. In
the final condition of the experiment, the
Food 1 and Food 2 schedules were both VI
120-sec. All conditions and their order of pre-
sentation are summarized in Table 1. Sessions
were terminated for SM2 after 100 min of
choice time (session time minus reinforcement
periods), a period calculated to permit a maxi-
mum of 100 water presentations and at least
100 food pellets under most conditions. For
SM3, sessions were terminated after 100 water
presentations regardless of the time required to
obtain them; since the Food 1 VI schedule
usually equalled the water VI schedule, this
method also permitted at least 100 food pellets
under most conditions. Thus, both subjects
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could receive about 100 water and at least 100
pellet presentations throughout the experi-
ment-quantities sufficient to maintain good
health.

RESULTS
The results of this experiment are summa-

rized in Figures 2 to 5, and in Table 1. All
data reported (except where noted) are the
arithmetic means of the last five sessions in

each condition. As arranged, the subjects de-
pressed and held the left-hand levers as they
pressed repeatedly on the right-hand levers.
These performances are summarized in Figure
2. The x-axis is the total number of food pel-
lets per hour obtainable under the two food
schedules, reflecting changes in the mean of
the Food 2 VI schedule (values shown in
parentheses). The left column of panels in Fig-
ure 2 shows the time in seconds per hour
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Fig. 2. For Experiment I, the amount of time in seconds per hour spent holding the left lever of each of the
three alternatives (left panels) and the numbers of responses per hour on the right lever of each alternative (right
panels) as a function of the number of food pellets available per hour from the two food schedules combined.
The values of x for the Food 2 VI schedules are shown in parentheses along the x-axes. The results from the sub-
jects, SM2 and SM3, are shown as filled and open circles, respectively.
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spent holding the left lever of each alterna-
tive, i.e., time allocation. The right column of
panels shows the number of presses per hour
on the right lever of each alternative, i.e.,
response allocation. The two measures of per-
formance, time and response output, show
similar patterns for both subjects: as Food 2
presentations became more available, food-
reinforced behavior decreased while water-re-
inforced behavior increased. The greatest de-
crease in food responding occurred for Food
1, the constant food alternative that usually
provided the most-frequent pellets (one every
60 sec). Food 2 responding, on the other hand,
either decreased between conditions, provid-
ing 75 to 180 pellets per hour (SM2), or re-
mained nearly constant (SM3). The uncon-
nected points in Figure 2 at 60 pellets per
hour were obtained with two concurrent VI
120-sec schedules for food. Response rates un-
der each food VI 120-sec schedule were about
equal, and their sum (Food 1 plus Food 2, 60
pellets per hour) was about equal to the rate
on a single VI 60-sec schedule for food (con-
nected point, Food 1, 60 pellets per hour). Wa-
ter responding at 60 pellets per hour was
largely unaffected by the number of food al-
ternatives, with responses per hour slightly
higher with two VI 120-sec schedules than
with one VI 60-sec schedule for food.
The decline in response rate for food in

Figure 2 was only partly due to a decline in
time spent responding. Figure 3 shows that for
SM2, at least, local rates of responding, cal-
culated as the responses to an alternative di-
vided by time holding for that alternative,
also declined for both food schedules, while
local rate for water increased to an asymptotic
level. Local response rates for SM3 were much
more stable but, if anything, slhowed some de-
crease for Food 1 and some increase for water.
The changes in response rate were not a

simple result of changes in daily consumption;
i.e., of food responding decreasing and of wa-
ter responding increasing with decreasing food
deprivation. Table 1 shows that food con-
sumption of SM3 was nearly constant, while
consumption by SM2 levelled off during con-
ditions providing greater than 90 pellets per
hour. The changes in intake that occurred
were smaller proportionately than the changes
in food availability; the available rate of food
increased 200%, but the intake of food per day
increased, at most, 60%. This disparity oc-
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Fig. 3. For Experiment I, the local responses per hour

(responses divided by holding time) for the three sched-
ules as a function of the available food pellets per
hour. The results from the subjects, SM2 and SM3, are
shown as filled and open circles, respectively.

curred because, for both subjects, the per-
centage of available pellets obtained increased
as the quantity of available pellets decreased,
so that when 180 pellets per hour were avail-
able, only about 50% were obtained, but when
only 60 pellets were available each hour, 98%
were obtained. Inspection of the chambers
after each session indicated that all delivered
pellets were consumed.
Changes in momentary or acute deprivation

within each session might have mediated the
changes in overall response rate. For example,
as food per hour was increased, subjects may
have satiated sooner in each session, producing
larger and larger samples of satiated food per-
formance. Likewise, the increases in water re-
sponse rate may have reflected larger and
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larger samples of accelerated water respond-
ing. The cumulative records of both subjects
were analyzed and acute changes in response
rate did occur, but were not responsible for
the general changes in food and water per-
formance. An alternative that had a high (or
low) overall response rate usually started with
a relative high (or low) rate in the first min-
utes of the session. When the response rates
during the first 15 min of each session were
plotted across conditions, shown in Figure 4,
the resulting curves for the two food alterna-
tives and water had shapes similar to the

FIRST 15 MINUTES
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1500

WATER (VI 60")
*SM 2
oSM 3

-0
w__~~ _____

FOOD I (VI 60")

FOOD_t2 ( __x

FOOD 2 (VI x")

-oft _____.04mo00

,, I I

60 90 120 180

AVAILABLE FOOD
PER HOUR

Fig. 4. For Experiment I, the responses per hour
under each schedule computed from the first 15 min
of the last session under each condition as a function
of the available food pellets per hour. The results from
the subjects, SM2 and SM3, are shown as filled and
open circles, respectively.

curves of overall response rate shown in Figure
2, with slightly less slope. The peak in the
Food 2 function was shifted to the right for
both subjects to the 90-pellet-per-hour condi-
tion. Some food satiation and water accelera-
tion was evident in the three conditions pro-
viding the most frequent food (90 to 180
pellets per hour), accounting for the differ-
ences in slope between Figure 2 and Figure 4.
The consistent decreases in overall food re-

sponding with increases in available food were
accompanied by proportional increases in wa-
ter responding. As a result, the total output of
behavior for food and water combined, both in
response rate and time allocation, was approx-
imately constant across all conditions (Table
1, Total All).

Figure 5 shows the distributions of behavior,
both time and responses, and the distributions
of obtained presentations of food and water
among the three schedules considered in pairs.
Again in this figure, the x-axis is the available
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same quantity for each of the other schedules. The re-

sults for the two subjects, SM2 and SM3, are shown
in the left and right panels, respectively.
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food pellets per hour. The y-axis of each panel
is the relative amount of responses, time, or
obtained reinforcers allocated to the first mem-
ber of each pair of comparison schedules. For
example, the top two panels show the propor-
tions for Food 2 when compared to Food 1
for SM2 (left panel) and SM3 (right panel).
These proportions were calculated by dividing
the responses, time (seconds), or obtained rein-
forcers to Food 2 by the similar values for
Food 1 and plotting the logarithm of this
ratio. The obtained or actual rates of rein-
forcer presentation were less than the sched-
uled maximum rates. For example, Food 1
and water were available according to equal
VI schedules, yet large changes in both re-
sponse rates caused the obtained rate of Food
1 presentations, compared to water, to deviate
somewhat from 50:50 (log ratio = 0.0; see
middle two panels).
In the comparisons between the two food

alternatives (top two panels), relative time and
relative responses clhanged in the same direc-
tion as the curve of relative reinforcers, i.e.,
the allocation of behavior approximately
matched the allocation of reinforcers, al-
though most ratios tended to be closer to 1.0
(log = 0.0) than the distribution of reinforcers,
especially with SM2. There was little differ-
ence between the distribution of time and re-
sponses (cf. Hollard and Davison, 1971).
The allocation of behavior between food

and water clearly did not even approximate
the allocation of reinforcers (Figure 5, lower
four panels). For the comparisons of Food 2
and water, relative responses and time de-
creased with increasingly available food, while
the relative reinforcers obtained from Food 2
compared to water increased. Relative re-
sponses and time for Food 1 compared to wa-
ter also decreased sharply with increasingly
available food, while the relative reinforcers
obtained from Food 1 compared to water de-
creased only slightly.

EXPERIMENT II
After Experiment I was completed, it was

systematically replicated with only one food
VI schedule and one water VI schedule, but
with overall rates of available food and water
equated to Experiment I. Sessions for both
subjects terminated after 100 water presenta-
tions and the order of conditions was rear-

ranged. The results of this experiment mir-
rored the results of the first almost exactly,
with food responding inversely proportional
to food availability and water responding di-
rectly proportional to food availability. Nei-
ther the slopes nor the absolute levels of the
response-rate functions deviated from those of
Experiment I.
To investigate the proposition that the ab-

sence of controlled intake and between-session
feedings was responsible for the novel results
of Experiment I, the next experiment, desig-
nated Experiment II, was conducted with pro-
visions to ensure constant daily food and wa-
ter intakes independent of changes in the VI
schedules or changes in response rates. The
procedure interrupted any possible feedback
between response rate and daily consumption
in a way similar to maintaining a subject at
80% of its free-feeding body weight. In all
other respects, the experiment was a replica-
tion of Experiment I.

METHOD

Constant consumption of food and water
across conditions was accomplished by the
following procedures: (1) sessions terminated
after a constant consumption of pellets, 150
pellets for both subjects, and (2) immediately
after each session, the water light was illumi-
nated with a white light and every press on
the water lever provided a 2-ml water presen-
tation until the animals obtained a total water
consumption (session plus postsession) of 140
water presentations (280 ml). Sessions started
at 1330 hr, instead of 1400 hr, and the order
of conditions was as shown in Table 2. In all
other respects, this experiment was a replica-
tion of Experiment I.

RESULTS
Table 2 shows that food responding (Food 1

plus Food 2) remained roughly constant across
conditions as the overall rate of food presenta-
tions increased. This contrasted with the steep
decline in food responding during Experi-
ment I as food became more available, shown
in Figure 2 and Table 1. Thus, the constant-
deprivation conditions introduced in this
experiment had a profound dampening effect
on the relationship between overall rate of
food presentations and overall behavioral out-
put for food. As in the previous experiments,
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total output for food and water combined was

constant across all conditions.
Figure 6 shows the left-lever holding time

and right-lever responses for the two subjects
and three schedules. Food 2 responding in-
creased with increases in Food 2 rate of presen-
tation. The rate of Food 1 presentations was

constant, but Food 1 responding declined as

the Food 2 schedule provided increasing rates
of food and reduced the Food 1 relative rate of

occurrence. Figure 6 shows also that water re-

sponding did not increase or decrease consist-
ently across conditions with large increases in
Food 2 presentations. For SM2, water re-

sponding followed no consistent pattern; for
SM3, water responding appeared to be a U-
shaped function of the available food per

hour. Water responding was generally lower
than in Experiment I, perhaps reflecting the
larger, constant daily ration of water (280 ml
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instead of 160 to 200 ml). Comparisons of the
time-allocation measure (left-lever holding
time per hour) in Figure 6 with the response-
rate measure (right-lever responses per hour)
indicated that, as in Experiment I, these two
dependent variables were highly correlated.

Figure 7 presents the distributions of behav-
ior and obtained rates of food and water pre-
sentations, expressed as log ratios for pairs of
schedules as a function of available food per
hour. In a manner even more consistent than
in Experiment I, relative time and responding
closely matched relative rates of reinforcer
presentation for the comparisons between
Food 2 and Food 1. The deviations between
relative responding and relative rates of food
presentations that occurred were in the di-
rection toward indifference, as .in Experiment
I. As in Experiment I, relative response rates

RESPONSES a TIME - REINFORCERSaRESPONSES -PLUS BIAS

FOOD I vs WATER
1.0

05 >9 o-.

r 0.0 - _
-0.5

0

oFOOD 2 vs WATER

0.5 -

8 "8

0.0
-0.5-

-1.0

60 90 120 180 60 90 120 ISO

AVAILABLE FOOD PELLETS PER HOUR
Fig. 7. For Experiment II, the log ratio of responses

(circles), holding time (squares), and obtained reinforc-
ers (lines) for Food 1 or Food 2 compared to the same

quantity for each of the other schedules. Bias estimates
shown as dashed lines have been added to the rein-
forcer ratios for comparisons between food and water
schedules. The results for the two subjects, SM2 and
SM3, are shown in the left and right panels, respec-
tively.

appeared to be about as close to the relative
presentation rates as relative time allocation.
Comparisons between Food 1 or Food 2

and water responding presented a more com-
plicated picture (lower four panels, Figure 7).
On the face of it, relative response measures
did not match the obtained relative rates of
food and water presentations, but the two
functions appeared to be' parallel in this
experiment, as opposed to the clear dissocia-
tions seen in Experiment I. Baum (1974) sug-
gested that this sort of deviation from match-
ing represents a bias toward one or the other
schedule. In this case, preference for food was
consistently greater than the relative alloca-
tion of food presentations compared to water,
suggesting that the average effective magni-
tude of a food presentation in terms of
strengthening behavior was greater than the
magnitude of a water presentation. Estimates
of this bias are indicated as dashed lines in
Figure 7. While the presumption of bias may
be justified here, it would be misleading to
conclude on the basis of the functions in Fig-
ure 7 that the relative allocation of reinforcers
controlled the distribution of responses be-
tween food and water alternatives. When food
behavior is analyzed for each food schedule
separately, as in Figure 7, the consistent
changes in response rates under each food
schedule dominate the log-ratio computations,
compared to the lower and relatively constant
water-response rates. Consequently, the par-
allel functions in Figure 7 do not imply that
the rate of Food 2 presentations influenced the
rate of water responding. For example, the
increasing parallel functions in the lower two
panels of Figure 7 reflect primarily increases
in Food 2 response rate, along with increases
in the rate of Food 2 presentations, but water-
response rate did not change consistently (see
Figure 6). To understand the control of choice
between food and water in these experiments,
it is best to compare total food responding
(Food 1 plus Food 2) to total water responding.
That analysis for both experiments is included
in the discussion.

GENERAL DISCUSSION
The results of Experiment I support three

general conclusions concerning the control of
behavior in the absence of external control of
intake. First, the rate of responding under a
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schedule of food presentations was an inverse
function of the availability of food. Second,
the rate of responding under a schedule of
water presentations was a direct function of
the availability of food. Third, the distribu-
tion of responses between two schedules pro-
viding equivalent types of food presentations
was a direct function of the distribution of
presentations by the two schedules. When in-
take of food and water were held constant in
Experiment II, the first two relations were
altered, but the third was unaffected: the rate
of a response under a food schedule was, then,
a direct function of the relative rate of food
presentations compared to the other food
schedule, and the rate of responding under
the schedule of water presentations was inde-
pendent of the availability of food. Thus, the
conditions controlling food and water intake
strongly influenced schedule control of abso-
lute response rates for food and water and, as
a consequence, choice between food and wa-
ter. These same conditions had little effect on
choice between the two schedules of equiv-
alent food.

The Control of Absolute Response Rates
by the Food and Water Economy
The variables controlling daily consump-

tion of food and water in an experiment can
be divided into two categories: within-session
factors and between-session factors. For the
most part, research has focused on the within-
session factors and their influence on behavior.
Yet, in most experiments there is a confound-
ing of these two categories. For example, in
order to keep an animal at 80% of its free-
feeding weight, more or less between-session
food or water is provided, so that total daily
intake is approximately constant and inde-
pendent of the subjects' behavior or the sched-
ules of food presentations within the sessions.
The present experiments demonstrate that
this context of variables controlling the daily
consumption of a commodity, the economy,
influences the relationship between a schedule
of presentations of the commodity and the
operant response rate under that schedule.

In Experiment I, no between-session food or
water was provided, ensuring that the ob-
tained rate of food or water presentations
during the sessions would control the daily in-
takes of food and water. Under those condi-
tions, food responding and time allocation for

both alternatives were inversely related to the
rate of food presentation from the variable
schedule, Food 2, in a manner consistent with
the inverse relationship between magnitude
of reinforcement and rate of responding re-
ported in other studies with unlimited access
to a commodity (e.g., Collier, 1972; Pickens
and Thompson, 1968; Weiss and Laties, 1960;
review by Timberlake, 1977) but contrary to
the results of studies of subjects maintained
at constant body weights or intake (e.g., Ca-
tania, 1963; Keesey and Kling, 1961).
The inverse relationship between response

rate for food and food availability cannot be
ascribed to a direct effect of altered food dep-
rivation or "motivation" because it can occur
in the absence of any consistent changes in
daily consumption (see Table 1, SM3) and be-
fore acute changes in response rate during the
session (see Figure 4; cf. Fallon, Thompson,
and Schild, 1965; Willis, VanHartesvett, Lo-
ken, and Hall, 1974). These changes in food
responding may reflect behavioral adjustments
that counteracted the externally imposed rate
of food availability (Collier et al., 1972;
Hirsch and Collier, 1974a, b; Timberlake and
Allison, 1974). Although interval schedules
were employed in these experiments, rates of
food and water presentation and daily intake
were not entirely independent of changes in
responding. The obtained rate of presenta-
tion was normally lower than the maximum
set by a schedule. In Experiment I, when food
was most frequent (Food 2 schedule was VI
30-sec), the subjects forfeited nearly 50% of
the available food pellets by responding in-
frequently. As the number of available food
pellets per hour decreased, the percentage of
available food pellets actually delivered in-
creased monotonically to nearly 100% (com-
puted from Table 1). This was possible be-
cause increases in response rate (or time on an
alternative) reduced the average delay between
the arranging of a food presentation by a
schedule and its delivery after a response.
When the maximum rate of food presentation
was reduced, a portion of this loss was offset
by increases in food responding, and the im-
provement in daily food consumption may
have served to maintain this increase in food
responding (see utility, Collier, Hirsch, and
Kanarek, 1977). Similar adjustments of re-
sponse rate have not been reinforced in previ-
ous experiments with VI schedules because
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the food economy has been deliberately made
independent of variations in responding and
scheduled rates of food presentations during
the session (Catania, 1963; Rachlin and Baum,
1969, 1972).
The direct effect of changes in reinforcer

rate may have been operating in Experiment
I, but was largely overshadowed by opposing
adaptations to the food economy. The bitonic
shape of the Food 2 response-rate functions,
especially when computed on the first 15 min
of each session (see Figure 4) indicates that the
decreases in Food 2 presentation rate between
VI 120-sec and VI 480-sec had some weakening
effect on response rate. When the pressure to
adapt to the changing food economy was re-
moved in Experiment II, by holding daily
consumption constant, absolute response rate
under each schedule of food was a direct func-
tion of its rate of presentation relative to the
alternative schedule of food. The functions
resembled those obtained with pigeons held at
a constant body weight (Catania, 1963; Guil-
key, Shull, and Brownstein, 1975). A food pre-
sentation from one schedule could substitute
for one from the other, so as the rate of food
presentations from one schedule increased, re-
sponding under the other food schedule
shifted to it (see Lea and Roper, 1977; Samuel-
son, 1967).

Total responding under both food schedules
in Experiment II did not increase, however,
as total food availability increased (see Table
2). An increase in food responding would have
required a reduction in water responding, be-
cause in these experiments, total behavioral
output was constant (see Tables 1 and 2); this
shift did not occur, perhaps because, in this
case, food could not substitute for water. In-
stead, total responding for food was not con-
sistently related to the availability of food, nor
was responding for water. Comparing this re-
sult with the large changes in food and water
responding in Experiment I, it is clear that
total behavioral output for a commodity was
primarily controlled by the relationship be-
tween responding and the control of daily
consumption. Only when increases in response
rate could increase daily consumption, did re-
strictions on food availability generate in-
creases in food responding.
The changes in water-response rate under-

score the importance of the economic system
controlling intake. In Experiment I, with no

between-session source of water or food, water
responding was directly proportional to food
availability. A classic interaction between food
and water reinforcement was obtained, in that
the value of water (responding for water) in-
creased as the value of food (responding for
food) decreased (e.g., Adolph, 1947; reviews
by Bolles, 1961; Collier and Knarr, 1966;
Kutscher, 1969). Unlike previous observations
of this interaction, it occurred in the absence
of any consistent changes in food and water
intake by SM3. When the relationship be-
tween response rate for food and daily food
consumption was removed in Experiment II,
the interaction between food availability and
water responding was also removed. The value
of water seemed to fluctuate without any con-
sistent relationship to the schedules of food
presentations. While the direct relationship
between water responding and food presenta-
tion rate was altered, it was not replaced by an
inverse relationship as seen between Food 1
responding and Food 2 presentation rate. Wa-
ter responding was, if anything, independent
of the Food 2 schedule. This finding is a fur-
ther demonstration that demand for one com-
modity is in part controlled by the availability
of substitutes. Although food became more
available, it did not substitute for water and,
therefore, did not reduce responding for water.
As Catania (1973) suggested, not all reinforcers
are equivalent, and these differences reflect
more than just unequal value: "A given food
reinforcer, for example, may reduce the effec-
tiveness of other,food reinforcers of the same
type, but may have little or no effect on water
reinforcers."

Choice between Food and Water Schedules
The relative distribution of responses be-

tween the schedules of food and water presen-
tations was also largely dependent on the
economic conditions controlling daily con-
sumption. In Experiment I, the large shifts in
the absolute response rates for food and water
(see Figure 2) generated a consistent increase
in response rate for food, relative to water as
food became less available (see Figure 5, lower
four panels). In turn, these shifts in response
rate minimized changes in the ratio of ob-
tained food presentations to water presenta-
tions. If we plot the ratios of total food re-
sponding to water responding as a function of
the ratios of food to water presentations in
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logarithmic coordiriates, the relationship ap-
pears as a nearly vertical line for both subjects
shown in Figure 8A (lines fit by eye). Prefer-
ence for food was not controlled by the ob-
tained rates of food presentations relative to
water; rather, preference for food relative to
water was controlled by food availability. The
shifts in preference acted to stabilize the ratio
of obtained food presentations to water presen-
tations.
In Experiment

to dominate the
II, economic factors seemed
control of choice between
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Fig. 8. The log ratios of food to water responses

[LOG(Rfood/Rw.ter)] as a function of the log ratios of
food to water presentations [LOG(Pfood/PPwate,)]. The
results from Experiments I and II are shown in panels
A and B, respectively. The results from the two sub-
jects, SM2 and SM3, are shown as filled and open
circles, respectively.

food and water as well, but the nature of the
relation was reversed. In this case, food and
water consumption were stabilized by the ex-
perimenter and the changes in the obtained
rate of food presentations (changes in the
Food 2 schedule) relative to water presenta-
tions exerted little control over the total out-
put of food responses or the relative rate of
food responding compared to water respond-
ing. Instead, the constant food and water econ-
omy seemed to minimize changes in overall
responding for food and water. Plotting the
ratios of food to water responses as a function
of the ratios of food to water presentation in
logarithmic coordinates, Figure 8B, the re-
lationship appears as a scattering of response
ratios with little, if any, relation to the ratios
of presentations. Thus, in neither experiment
did the relative rate of food presentations
compared to water predict the distribution of
food and water responses. Instead, economic
conditions controlled choice between these
nonsubstitutable commodities. Changes in
preference either stabilized the obtained rates
of presentation (Experiment I) or constant
daily rations stabilized preference (Experi-
ment 11).3

Choice between Two Schedules of
Food Presentations

Despite marked differences in the absolute
response-rate functions for food in the two
experiments (see Figures 2 and 6), the distri-

3It could be argued that the shift of responding from
water to food, as food became less available in Experi-
ment I, was mediated by a shift in the effective magni-
tude of one food reinforcer relative to one water rein-
forcer, and further, that the size of this shift could be
inferred from the distribution of responses between
Food 1 and water (both VI 60-sec). This factor could
then be multiplicatively combined with the distribu-
tion of reinforcers between Food 2 and water to predict
the distribution of responses between them. This analy-
sis was carried out and described preference for Food
2 relative to water fairly well; yet, the success of this
analysis derived almost exclusively from the high cor-
relation between changes in Food 1 and Food 2 response
rates. Attributing this to a shift in the effective size of
each food reinforcer is only one explanation, and a
gratuitous one, since there was no independent evi-
dence of either chronic or acute changes in food depri-
vation or "motivation". Note also that the changes in
preference between the constant schedules, Food 1 and
water, indicate that choice between two alternatives
is not always independent of the context of other al-
ternatives, as suggested by some current theories of
choice behavior (Herrnstein, 1970; Rachlin, 1973).
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bution of responses between the two food
schedules in both experiments was a direct
function of the distribution of obtained food
presentations. Figures 9A and 9B show for
Experiments I and II, respectively, the ratios
of Food 2 to Food 1 responses as a function of
the ratios of Food 2 to Food 1 presentations
in logarithmic coordinates. Linear functions
with slopes other than 1.0 suggest unequal
scaling of the x and y axes; in particular, a
slope less than 1.0 indicates that changes in
behavior were smaller in proportion to
changes in the distribution of food presenta-
tions, often called "undermatching" (Baum,
1973; Myers and Myers, 1977). The functions
from both Experiments I and II (Figures 9A

EXP I
0.5

*SM2
oSM 3

0.0

___ -0.5

8|8 V. ANV A

%ft.00 EXP 1I
0 0.5
-J/

0.0

-0.5 -
a B

-0.5 0.0 0.5

oG PFOOD 2)LOG(mw )
Fig. 9. The log ratios of Food 2 to Food 1 responses

[LOG (RfO,d2/Rft.dl] as a function of the log ratios
of Food 2 to Food 1 presentations [LOG(Pfo0d2/PfOOdl)].
The results from Experiments I and II are shown in
panels A and B, respectively. The results from the two
subjects, SM2 and SM3, are shown as filled and open
circles, respectively.

and 9B) are approximately linear in these
coordinates and have slopes less than 1.0,
indicative of "undermatching". A similar anal-
ysis of time allocation indicated, if anything,
a greater degree of "undermatching" for SM2,
but comparable functions for SM3 (cf. Hollard
and Davison, 1971). On the whole, these func-
tions fall well within the range of functions
usually taken as indicative of a matching rela-
tion between response or time allocation and
reinforcer allocation (Baum, 1977).
The observation of matching in both ex-

periments demonstrates that this relation be-
tween equivalent and substitutable commodi-
ties does not depend on a direct relation
between absolute response rate and the rate of
presentation of the commodity (see Figure 2;
cf. Herrnstein, 1970, 1974; Rachlin, 1973;
Baum, 1973; Catania, 1973). This was possible,
not because the rates of food responding were
not altered by changes in food availability, but
because responding under each schedule for
food was not differentially altered by these
changes in availability. Regardless of the
economic advantage of responding for food as
opposed to water, the choice between the two
food schedules was controlled directly by the
relative rate of food presentations and, as a re-
sult, the differences between the economic sys-
tems of Experiment I and Experiment II had
little discernible effect on choice between the
two schedules of food presentations.
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